Escherichia coli K-12 X971 was crossed with a smooth Salmonella typhimurium donor, HfrK6, which transfers early the ilv-linked rfa region determining lipopolysaccharide (LPS) core structure. Two ilv+ hybrids differing in their response to the LPS-specific phages FO and C21 were then crossed with S. typhimurium HfrK9, which transfers early the rfb gene cluster determining 0 repeat unit structure. Most recombinants selected for his+ (near rfb) were agglutinated by Salmonella factor 4 antiserum. Transfer of an F' factor (FS400) carrying the rfb-his region of S. typhimurium to the same two ilv+ hybrids gave similar results. LPS extracted from two ilv+,his+, factor 4-positive hybrids contained abequose, the immunodominant sugar for factor 4 specificity. By contrast, his+ hybrids obtained from X971 itself by similar HfrK9 and F'FS400 crosses were not agglutinated by factor 4 antiserum, indicating that the parental E. coli X971 does not have the capacity to attach Salmonella 0 repeat units to its LPS core. It is concluded that the Salmonella rfb genes are expressed only in E. coli X971 hybrids which have also acquired ilv-linked genes (presumably rfa genes affecting core structure or 0-translocase ability, or both) from a S. typhimurium donor. When E. coli X971 was crossed with a smooth E. coli donor, Hfr59, of serotype 08, which transfers his early, most his+ recombinants were agglutinated by E. coli 08 antiserum and lysed by the 08-specific phage, Q8. This suggests that, although the parental E. coli K-12 Fig. 1 . Most of the genes concerned in the biosynthesis of the core region are present in a gene cluster (rfa) located on the bacterial chromosome between cysE and pyrE (35). The biosynthesis of the repeat units of the 0-specific side chains is controlled by a cluster of genes (rfb) closely linked to the histidine operon (35). Mutations in either rfa or rfb genes, if complete, lead to a rough phenotype characterized by loss of 0 antigenic specificity, rough colonial morphology, sedimentation in broth, agglutination in NaCl solutions, etc. The gene responsible for the polymerization of 0 repeat units (rfc) in S. typhimurium is located outside the main rfa and rfb clusters, between trp and gal (23, 35) . Other genes controlling modifications of LPS structure have been identified and mapped (35). As can be seen from Fig. 
The polysaccharide part of Salmonella somatic lipopolysaccharide (LPS) consists of an oligosaccharide basal core region to which are attached 0 side chains, made up of a linear polymer of oligosaccharide repeating units, responsible for the immunological specificities of the various 0 serotypes (20, 21) . The main features of this structure for Salmonella typhimurium are shown in Fig. 1 . Most of the genes concerned in the biosynthesis of the core re- gion are present in a gene cluster (rfa) located on the bacterial chromosome between cysE and pyrE (35) . The biosynthesis of the repeat units of the 0-specific side chains is controlled by a cluster of genes (rfb) closely linked to the histidine operon (35) . Mutations in either rfa or rfb genes, if complete, lead to a rough phenotype characterized by loss of 0 antigenic specificity, rough colonial morphology, sedimentation in broth, agglutination in NaCl solutions, etc. The gene responsible for the polymerization of 0 repeat units (rfc) in S. typhimurium is located outside the main rfa and rfb clusters, between trp and gal (23, 35) . Other genes controlling modifications of LPS structure have been identified and mapped (35) . As can be seen from Fig. 1 , a number of mutants blocked in the assembly of the LPS structure have been identified. Also this LPS structure is known to contain the receptor sites for a number of bacteriophages (27) . Phage resistance patterns have been used to classify rough mutants, and in some cases resistance has been correlated with LPS structural changes (17-19, 21, 27, 35) . Many different 0 antigens are encountered in the Salmonella group, and some of them have been shown to reflect the presence of 0-specific side chains, made up of oligosaccharide repeat units of composition which differs according to 0 antigenic char- (21) . For a consideration of the genetic aspects see Stocker and Makelki (35) . Abbreviations: Glc, glucose; Gal, galactose; GNac, N-acetylglucosamine; Hep, heptose; P, phosphate; KDO, 2-keto-3-deoxyoctonic acid; Abe, abequose; Man, Mannose; Rha, rhamnose; AcO, 0-acetyl.
acter.
Some structural studies on the LPS of Escherichia coli have been performed, but much less knowledge is available for this species than for Salmonella (24, 28, [30] [31] [32] 36) . Whereas the core structure appears to be the same in all Salmonella serotypes analyzed, Schmidt and his colleagues have recently shown that among Escherichia serotypes there exist at least three types of core structures all different from the Salmonella core (30) . In contrast to Salmonella, the genes concerned with LPS biosynthesis and assembly in Escherichia have not been studied in great detail. In 1961 0rskov and 0rskov showed that the genes controlling 0 antigenic specificity in a number of smooth E. coli strains were closely linked to the histidine operon (25) . Schmidt and his colleagues have recently shown that in E. coli the genes for 0 antigen biosynthesis in strains of O group 8 are near his (31) . This 0 antigendetermining locus is probably analogous to the rfb locus of Salmonella. Schmidt and coworkers also have shown that E. coli 08 has a locus near mtl which appears to be equivalent in location and function to the Salmonella rfa gene cluster, concerned with core biosynthesis (32) . It is likely but unproven that other E. coli strains have equivalent genes for the biosynthesis of LPS.
E. coli strain K-12 was isolated in 1922 at Stanford University from the stool of a diphtheria patient and since about 1946 has been commonly employed as a standard strain for a variety of genetic and biochemical studies. Presumably it was originally smooth, but it is not known what 0 antigen it possessed because when first examined it was phenotypically rough. Chemical analysis of LPS extracted from E. coli K-12 has shown that it contains the sugars found in Salmonella LPS core, and also a small amount of rhamnose (24, 28) , but the structural arrangement of these is unknown. Since rhamnose is a sugar commonly found in the 0-specific side chains of a number of Salmonella and E. coli serotypes (20) , it has been suggested that the small amount of rhamnose present in E. coli K-12 LPS may represent the remnant of 0-specific repeat units (27) . It has also been suggested that this rhamnose might be a component of the basal core structure of the K-12 LPS (36). Many of the major sublines of E. coli K-12 have not shared a common ancestor for many generations (6) , and mutations in LPS biosynthesis may well have accumulated among these sublines, e.g., after exposure to mutagens. Some K-12 sublines cannot make TDP-rhamnose, and these do not have detectable amounts of rhamnose in their LPS (24) , but sublines either with or without rhamnose in their LPS still had a rough phenotype. E. coli K-12 presumably has the equivalent of rfa and rfb genes, coding respectively for the biosynthesis of LPS core of 0-specific side chains, and its rough phenotype most likely results from mutational defects in rfa or rfb genes, or both. 0rskov and 0rskov crossed an E. coli K- 12 his+ Hfr donor with a smooth E. coli his-, F-strain having 0100 serological specificity; all of 48 recombinants which received the E. coli K-12 his+ genes were phenotypically rough, a result which suggests that defective E. coli K-12 rfb genes had replaced the functional rfb+ (0-100) genes of the smooth recipient (25) .
By performing inter-and intrageneric crosses we have attempted to gain some insight into the genetic loci which determine LPS biosynthesis in E. coli K-12 and how they relate to the homologous loci in Salmonella. This report describes experiments involving the genetic transfer of the genes (rfa and rfb) responsible for the biosynthesis and assembly of LPS antigenic determinants from smooth S. (1) and stored over chloroform at 4 C. Susceptibility of bacterial strains to phages was tested using the "drop-on-lawn" method (9) . Strains were sometimes tested for complete or partial phage resistance by cross-streaking on EMB agar (16) containing 0.1% glucose.
Agglutination tests. The presence of antigenic factors was determined by slide agglutination tests with E. coli 08 and Salmonella 4,5,12 antisera obtained from the National Center for Disease Control, Atlanta, Ga., and Salmonella factor 4 and factor 5 antisera manufactured by Wellcome Research Laboratories, Beckenham, Kent.
Test for colicins. Strains were tested for sensitivity to colicins by the soft-agar overlay method as described by Ozeki et al. (26) . We used colicinogenic strains producing the colicins listed below. Since not all colicins indicated by the same letter (e.g. V) are identical, we indicate in parentheses the plasmid (Col factor) determining colicin production, or the strain number (in the collection of P. Fredericq) of the producing strain in cases where the factor has not been investigated. Colicins: El (factor ColEl-a in strain SL1037), E2 (factor ColE2-317), B (strain K77), Ia (factor ColIa-53), lb (factor ColIb-P9), K (strain K235), V (strain CA7), G (strain CA46), C (strain CA57), H (strain CA58), D (strain CA23), M (strain 32T19/VTs)-Lipopolysaccharide analysis. Bacterial strains for LPS analysis were grown in broth. Flasks containing 1.25 liters of brain heart infusion broth (Difco) were inoculated with 2 ml of an overnight broth culture, and the cells were grown on a rotary shaker at 37 C overnight. The cells were then heatkilled in a water bath at 70 C and harvested by centrifugation. The cell paste was suspended in five volumes of cold 0.05 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer (pH 7.5) and sonically treated in 300-ml batches in an ice bath. The cell wall preparations, obtained by centrifugation, were then washed three times with cold 0.05 M Tris-hydrochloride buffer (pH 7.5). This removed virtually all of the nucleic acid contamination as shown by the absence of ribose and deoxyribose in these preparations.
LPS was isolated by phenol extractions of these cell wall pellets. A 500-ml amount of 45% phenol was added to 100 g (wet weight) of cell wall pellet, and the mixture was heated with stirring at 70 C for 15 min. The phenol layers and cell debris obtained by centrifugation were re-extracted by the same procedure. The combined aqueous phases were dialyzed against running deionized water overnight, and then concentrated in vacuo to 10 ml, and the LPS was precipitated from the concentrate with four volumes of acetone, washed with ethanol and ether, and dried in vacuo at 60 C. Five percent solutions of this material were used for analysis.
The phenol-sulfuric acid method of Dubois et al. (7) was used to determine the total carbohydrate in unhydrolyzed samples, and the values are expressed in terms of glucose equivalents. Monosaccharide content was determined by radiochromatographic analysis (14) of samples that had been hydrolyzed in 1 N sulfuric acid at 100 C for 6 hr. All samples were treated with alkaline phosphatase (calf mucosa, Sigma, type 11) before radiochromatography according to the method of Koeltzow et al. (13) in order to remove any monosaccharide-linked ester phosphate. D-Glucose was determined in hydrolysates using Glucostat reagent (Worthington Biochemical Corp., Freehold, N.J.). RESULTS LPS-related properties of E. coli K-12 strains and the selection of donor and recipient strains for hybrid studies. We have tested most of the major derivatives of E. coli K-12 as well as the original K-12 strain, and all were found to have a rough phenotype, though there seemed to be some qualitative differences in the degree of roughness between the various sublines. All E. coli K-12 strains tested were sensitive to the R-specific phages 6SR and Ffm and also to the seven T phages, P1, X, and U3, except for those strains with experimentally derived phage resistances. Variations were noted between some sublines with regard to the amount of sediment and the degree of turbidity above the sediment after growth in broth. When viable cells from growth on complete media such as Oxoid blood agar base were emulsified in 0.9% NaCl on slides, no autoagglutination was observed. Agglutination of viable cells was rarely observed in a limited number of antisera (diluted 1:10 in 0.9% NaCl) prepared against smooth Salmonella and E. coli strains. Agglutination was observed when a higher NaCl concentration (3.5%) was used or when broth cultures were heated to 100 C for 1 hr. By most criteria therefore we found E. coli K-12 to be phenotypically rough, but not to the extent that it could not be used in slide agglutination tests. This proved useful in detecting Salmonella and E. coli antigens among the E. coli K-12 hybrid classes described below.
The strains chosen for use as donors and recipient are listed in Table 1 . Since this study mainly concerns the genes responsible for LPS biosynthesis and assembly, we were interested in those areas of the chromosome known or assumed to control LPS structure, namely the rfa and rfb regions (Fig. 2) . The E. coli K-12 strain used as recipient was x971; it has stable (reversion < 10-8) auxotrophic mutations in the pathways for isoleucine and histidine biosynthesis, i.e., in loci known to be adjacent to the rfa and rfb regions in Salmonella. X971 is also thr-, trp-, lys-, and strr. The S. typhimurium Hfr strains were obtained from K. E. Sanderson (29) . As can be seen from Fig. 2, HfrK6 and HfrK9 transfer the rfa and rfb regions, respectively, as proximal markers. S. typhimurium SB1855 his-515 (F' his+, gnd+, rfb+I deletion rfb-, gnd-, his-) carrying the F'(FS400) isolated by M. J. Voll (39) was obtained from P. Hartman. E. coli Hfr59, an Hfr strain with E. coli 0 antigen 08 and which transfers the histidine locus as an early marker (Fig. 2) , was obtained from G. Schmidt (31) .
Transfer of E. coli 08 serological specificity to E. coli K-12 strain x971. If E. coli K-12 produces a complete LPS core structure and is phenotypically rough because of a hislinked rfb defect, one might predict that it should have the capacity to synthesize and attach to its LPS core 0 repeat units determined by a functional rfb gene cluster transferred from a smooth E. coli donor. To test this hypothesis we crossed E. coli X971 (his-, strr) with the smooth E. coli donor strain (Hfr59, his+,strA) belonging to serogroup 08 and selected for his+, strr recombinants (see Fig. 2 and Tables 1 and 3 ). These were obtained at a frequency of about 10-8 per donor cell. Seventeen of 21 his+ recombinants tested were strongly agglutinated in 08 antiserum and were sensitive to phage 08 (31) which attacks only E. coli strains belonging to serogroup 08 but is inactive on their rough derivatives. These his+ and serologically 08-reactive E. coli X971 recombinants remained sensitive to the rough-specific phages 6SR and Ffm. No change was noted in response to other phages or colicins (see Table 3 ), and the recombinants were phenotypically identical to the parental recipient X971 except for 08 agglutinability and sensitivity to phage 08.
Isolation and characterization of ilv+ hybrids from cross of S. typhimurium
HfrK6 to E. coli K-12 strain X971. Our main purpose for isolating ilv+ hybrids was to obtain recombinants which might have inherited Salmonella rfa genes which are known to be located adjacent (within 5 min) to the ilv + cluster on the Salmonella chromosome. We hoped to recognize these by the development of sensitivity to phages (particularly the Felix O phage) active on some rough Salmonella strains but inactive on E. coli K-12. We were also interested in the segregation of unselected donor markers among these ilv+ hybrids.
Matings between S. typhimurium HfrK6 and E. coli x971 were performed, selecting for the ilv+ trait of the donor. When S. typhimurium HfrK6 was crossed with a S. typhimurium LT2 ilv-recipient, the frequency of ilv+ recombinants was 10-2 to 10-1 per donor cell, but in the cross to E. coli X971 their frequency was reduced to only 10-6 to 10-I per donor cell. The ilv+ hybrid clones were picked and purified for at least three cycles on the medium used for primary selection before being tested for inheritance of unselected markers. Stock cultures of representative hybrid classes were periodically plated, and 40 to 50 clones from each were tested for all of the traits listed in Table 2 . Segregation of donor markers was rarely observed, and for the most part the hybrids appeared stable with respect to inheritance of unselected donor markers, perhaps because the extensive purification of these led to the selection of more stable classes. As can be seen from Table 2 , the 45 ilv+ hybrids tested fell into 16 classes based on their inheritance of unselected markers. The markers are arranged in the table as they are believed to be located on the chromosome map (Fig. 2) . Sixteen percent of the ilv+ hybrids were sensitive to phages FO and C21 (active on neither parent); and all hybrids with these sensitivities were resistant to phage U3, active c Both the LT2 donor and the K-12 recipient in this experiment are wild-type with respect to galactose metabolism and both are resistant to phage C21 which attacks uridine diphosphate (UDP)-galactose epimerase and UDP-glucose pyrophosphorylase mutants of both S. typhimurium and E. coli K-12.
d Resistance of S. typhimurium HfrK6 to phage ES18 is probably due to immunity conferred by lysogeny for Fels 2 (15) . E. coli K12 is resistant to phage ES18.
e Donor characters indicated by 1. Recipient characters indicated by 0. It should be noted that both parents are resistant to phages FO, C21, and ES18. With regard to these phages, 1 means the development of phage sensitivity among certain ilv+ hybrid classes. on the recipient X971 but not on the donor.
Changes in response to these phages we believe suggest alterations in the rfa gene cluster. Twenty percent of the ilv+ hybrids were unable to produce indole from tryptophan and thus resembled the Salmonella donor parent with respect to this trait. More than half of the hybrids were resistant to phage X,. This X, resistance was not correlated with the development of resistance or sensitivity to the other phages tested and appeared to segregate independently. About 10% of the ilv+ hybrids developed sensitivity to phage ES18. This phage is active on both smooth and rough S. typhimurium LT2 strains, and its receptor site is believed to be located somewhere other than the LPS portion of the cell wall (15) . Sensitivity to ES18 was not correlated with the development of phage FO and C21 sensitivity, but it was always associated with the loss of sensitivity to phages Ti and T5 and to colicin M.
[This pattem was also found among thr+ hybrids obtained from crosses between S. typhimurium HfrK4 (Fig. 2 ) and E. coli x971, selection being made for the proximally transferred thr+ marker. Fourteen of the 46 thr+ hybrids became sensitive to ES18, and each was also resistant to phages Ti and T5, and colicin M. Sensitivity and resistance of these thr+ hybrids to other phages and colicins was not affected, and they resembled the recipient parent with regard to other traits referred to in Table 1 .] All ilv+ hybrids tested were sensitive to phages T2, T3, T4, T6, T7, P1, 6SR, Ffm, and to colicins B-K77, K, V, G, C, D, El, E2- Tables 2 and 3 ). The frequency of his+ hybrids in crosses to these two recipients with HfrK9 was approximately 10-i to 10-4 per donor cell; the his+ hybrids obtained were much less stable than the ilv+ hybrids described above, and many of them segregated his-,ilv+ clones at a high frequency. After repeated purification on the medium used for primary isolation, apparently stable his+,ilv+ clones were obtained. Thirty-six of 50 his+,ilv+ hybrids derived from ilv+ hybrid e7, and 24 of 40 his+,ilv+ hybrids derived from ilv+ hybrid k8, were agglutinated by both Salmonella antifactor 4 and anti-factor 5 sera. These same two ilv+ recipients were next crossed with the donor SB1855 which contains the FS400 plasmid (F'-his+-gnd+-rfb+) (see Table 1 and Fig. 2 .) The F' factor was efficiently transferred to both ilv+ hybrids (e7 and k8) at a frequency of 10-2 per donor cell, and the resulting his+,ilv+ clones obtained were more 4 anti-serum but did not react with factor 5 antiserum ( Table 3) . The gene oafA (Fig. 2) responsible for factor 5 specificity (acetylation of abequose, see Fig. 1 ) is located outside the main rfb cluster but near the his locus (12, 22) , and it is assumed that the oafA gene was transferred to the ilv+ hybrids in the crosses using the S. typhimurium HfrK9 strain since it is probable that genes adjacent to the his locus are also transferred in such a cross. There is no evidence that F'(FS400) carries the oafA gene on the plasmid. Spontaneous loss of the F' factor was noted among some of the his+,ilv+ hybrids; this was evidenced by loss of sensitivity to the donor-specific phage fl, His-phenotype, and loss of factor 4 specificity.
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To test for the presence of an unaltered F', his+-rfb+ plasmid, his+,ilv+, factor 4-positive hybrids derived from the F'(FS400) cross to ilv+ hybrids e7 and k8 were used as donors in crosses with a phenotypically rough S. typhimurium SL1667 recipient with a his-deletion (his520) extending into the rfb cluster. The F' factor was transferred at a high frequency, and the resulting his+ derivatives were phenotypically smooth, sensitive to phage P22, and agglutinable in factor 4 antiserum. To determine whether E. coli K-12 strain x971, unaltered in the rfa region, had the capacity to attach Salmonella 0-specific repeat units to its LPS core structure, we crossed E. coli X971 (his-,ilv-) with the smooth S. typhimurium donor HfrK9 and selected for the proximally transferred his+ locus (Fig. 2) . We also used the S. typhimurium donor (SB1855) containing F'(FS400) which carries the hist,gnd+,rfb+ genes of the plasmid (see Table 1 ). The his+ hybrids obtained from both these crosses were very unstable and segregated his-clones at a high frequency. Relatively stable his+ clones were obtained after repeated purification. None of 35 his+ recombinants from the Hfr cross to X971
(his-,ilv-) and none of 40 his+ recombinants from the F' cross to X971 (his-,ilv-) were agglutinated by Salmonella factor 4 or factor 5 antisera nor did they differ phenotypically from the parental E. coli X971 recipient with regard to those traits referred to in Tables 1  and 3 . One of the more stable his+, factor 4-negative hybrids derived from the cross F'(FS400) to X971 was then crossed to the S. typhimurium recipient SL1667 (his520 deletion), selecting for the His+ trait of the his+, factor 4-negative hybrid. As in the cross between the his+,ilv+, factor 4-positive hybrid and S. typhimurium SL1667, the resulting his+ derivatives were phenotypically smooth, sensitive to phage P22, and agglutinable in factor 4 antiserum. These experiments show that Salmonella rfb genes can be maintained in an E. coli K-12 genetic background, either expressed (in an ilv+ hybrid) or unexpressed (in x971), and can be transferred in a functional state back to Salmonella.
All his+,ilv+, factor 4-positive hybrids were insensitive to phage P22. This phage is believed to require polymerized 0 repeat units for attachment (10, 19, 23) . Because we had not transferred the portion of the Salmonella chromosome containing the rfc gene responsible for polymerization of 0 repeat units, we assume that the his+,ilv+, factor 4-positive hybrids have the capacity to attach only single unpolymerized repeat units to the hybrid core and are similar to Salmonella rfc mutants in this respect. Our attempts to transfer the trplinked rfc gene to the his+,ilv+ hybrids have not been successful.
Twenty-five of 36 his+,ilv+ factor 4-positive hybrids from the cross HfrK9 to ilv+ e7, and 14 of 24 his+,ilv+, factor 4-positive hybrids from the cross HfrK9 to ilv+ hybrid k8 were resistant to colicins Ia-53 and Ib-P9. These hybrids remained sensitive to the other colicins tested (see Materials and Methods). It is possible that the attachment of Salmonella 0 repeat units to the LPS core in the above colicin-resistant hybrids in some way masked the receptor site for the Ia and Ib colicins. Since Salmonella genes other than the his-linked rfb cluster were probably transferred in the above Hfr crosses, it is also possible that E. coli genes coding for the colicin Ia and Ib receptor site were lost through recombination. No colicin resistance was observed among his+,ilv+ hybrids derived from crosses with the F'FS400 donor.
Twenty-one of 36 his+,ilv+, factor 4-positive hybrids from the cross HfrK9 to ilv+ hybrid e7, and 15 of 18 his+,ilv+, factor 4-positive hybrids from the cross F'FS400 to ilv+ hybrid e7 were resistant to phage 6SR. Again the attachment of Salmonella 0 repeat unit may have masked the 6SR receptor site. Phage 6SR resistance was not observed among a limited number of ilv+,his+, factor 4-positive hybrids derived from ilv+ hybrid k8.
LPS analysis of parental and hybrid strains. Since the dideoxyhexose abequose is known to be the immunodominant sugar responsible for factor 4 specificity in Salmonella Table 4 . The values in parenthesis are molar ratios calculated relative to two heptose units, since it is assumed that each core contains two heptose units, at least in Salmonella. As previously reported for other E. coli K-12 strains (24, 28, 36), our parental recipient X971 was found to contain a small amount of rhamnose in its LPS (see Table 4 ). The ilv+ hybrid e7 showed an increase in glucosamine relative to heptose. This may be an indication of LPS structural changes after the inheritance of Salmonella rfa genes. The factor 4-positive hybrids ilv+ e7,his+ H5 and ilv+ e7, his+ F 26 show an increase in rhamnose by an amount which could be accounted for the presence of Salmonella 0-specific repeat units. A small but significant amount of abequose was also present. Since abequose is known to be the immunodominant sugar responsible for factor 4 specificity, its presence correlates directly with the factor 4 serological reactivity of these hybrids. The molar ratios relative to heptose suggest that the hybrid ilv+e7,his+F26 contains two repeat units per core whereas hybrid ilv+e7,his+H5 contains only a single repeat unit. The data for HfrK9 are typical of that expected for a fully smooth S. typhimurium and suggest that this particular strain contains approximately 16 0-specific repeat units per core.
DISCUSSION
Like previous investigators we did not detect the presence of any E. coli 0 antigen in the K-12 sublines we tested, and all were phenotypically rough with respect to cultural properties and sensitivity to rough-specific phages (Table 3) . Presumably strain K-12 arose by mutation(s), rfb or rfa, or both, from a smooth ancestor, of unknown 0 group. We confirmed (Table 4) earlier reports (24, 28, 36) that K-12 LPS contains some rhamnose, a sugar which in Salmonella is thought to occur only in 0 repeat units. Genes determining three steps in biosynthesis of TDP-rhamnose (thus functionally equivalent to genes rfbA, rfbB, and rfbD of S. typhimurium) map near his in E. coli K-12 (37). These observations suggest that strain K-12 derives from an ancestor belonging to one of the many 0 groups of E. coli with rhamnose-containing LPS (20) . If this is so, the rhamnose present in the LPS of strain K-12 X971 is presumably contained in a small amount of 0-specific material, the rfb or rfa (or both) lesions being somewhat leaky. Most hybrids derived from E. coli X971 by introduction of the his region from the smooth E. coli Hfr59 donor, of 0 group 8, were agglutinable by anti-08 serum and sensitive to the 08-specific phage, Q8 ( (25) .
The his+,08-positive recombinants from the Fig. 2 and Table 2 ). Baron and co-workers have shown that a number of E. coli genes located in this upper left quadrant of the linkage map were retained and expressed in S. typhosa hybrids which had received this part of the chromosome from an E. coli K-12 donor strain (2) .
The retention and expression of a recessive marker, e.g., the inability to synthesize an amino acid, the loss of phage sensitivity, or the inability to ferment a carbohydrate, is generally accepted as evidence for haploidization in an organism made diploid for dominant and recessive alleles. By transferring recessive markers from an E. coli Hfr to a S. typhosa recipient containing the dominant allele, Johnson et al. (11) have recently shown that certain E. coli genes apparently recombine with the Salmonella chromosome as evidenced by the expression of the recessive marker received from the donor. The loss of sensitivity to phages Ti, T5, X, and U3 and to colicin M and the loss of tryptophanase (tna) activity among some of our ilv+ hybrids (see Table 2 ) may be taken as evidence for haploidization because these traits should be expressed in a diploid state. Other donor markers selected for dominant characters, e.g., ilv+,thr+,inl+ etc., may either be haploid or reside in a stable diploid state.
More than half of the ilv+ hybrids developed resistance to phage X, (see Table 2 ). Schwartz has presented evidence that the genes responsible for A receptor site biosynthesis in E. coli K-12 are located within or very near the malB region and that these are under the control of a regulator gene malT located at a different site (malA) in the chromosome (33, 34) . The malA and malB regions in S. typhimurium appear to be homologous to those in E. coli; however, their functions have not been studied in great detail, and the degree of intergeneric homology between the two systems is unknown. It is possible that E. coli recipient genes coding for the X receptor site were lost from the ilV+,Xvr hybrids through recombinational events in the malB region. Since both parents in the above crosses were mal+ we do not know to what extent if any the malB genes of the recipient were altered in those ilv+ hybrids which were resistant to phage XA. It is also possible that E. coli genes required for A phage maturation were lost through recombination and replaced with Salmonella genetic material not functional in such a capacity. Baron et al. (3) found a reciprocal situation among hybrids isolated from a cross between an E. coli K-12 Hfr and a S. typhosa recipient. In this case the hybrids gained the ability to adsorb A phage upon receiving E. coli genes located in the upper left quadrant of the linkage map.
The tonA locus has been mapped on the E. coli K-12 chromosome near thr (see Fig. 2 ) and is believed to be responsible for the biosynthesis of the phage Ti and T5 receptor site (38) . The loss of sensitivity to colicin M which always accompanied the development of T1,5 resistance and ES18 sensitivity (see Table 2 ) suggests that this colicin shares the T1,5 receptor site or that the genes coding for the colicin M receptor site are closely linked to those coding for the T1,5 site. Fredericq has also reported that loss of colicin M sensitivity is associated with the development of resistance to phages Ti and T5, and has recently presented evidence that colicin M and phages Ti and T5 do in fact share the same receptor site (8) . Salmonella genes homologous to the tonA locus and coding for the ES18 phage receptor site may have replaced the tonA locus by recombination, thus producing the observed ES18 sensitivity in these hybrids. Also these findings support the inference that the ES18 receptor site may be a structure other than LPS, in that a gene or genes remote from the rfa and rfb gene clusters apparently govern sensitivity to this phage and that the ES18 sensitivity of our hybrids was not correlated with the development of sensitivity or resistance to phages known to be active on portions of the LPS structure, i.e., FO, C21, and U3. The phages FO, C21 and U3 are known to use the LPS core of sensitive strains as their attachment site (17, 27, 28, 40) . Recombinants which differed from their E. coli X971 parent in reaction with any one of these three phages always differed in reaction to the other two (see Table 2 ). We infer that these recombinants, sensitive to phages FO and C21 but resistant to phage U3, make an LPS core which is different from that made by the X971 parent, presumably by acquiring one or more of the rfa genes of the S. typhimurium donor most of which map in the cysE-pyrE region (see Fig. 2 ). In S. typhimurium, phage FO sensitivity reflects the presence of an N-acetylglucosamine branch unit on the terminal glucose of the core chain (see Fig. 1 ), and a similar structure may be present in the FO-sensitive hybrids. In both S. typhimurium and E. coli, phage C21 attacks strains (e.g., galE, galU) which are deficient in galactose or glucose units (or both) of the core (27) . Sensitivity to both phages FO and C21 is not characteristic of (nonleaky) rfa mutants of any class in S. typhimurium, and its significance in the ilv+ hybrids is unknown. It might indicate the presence of two sorts of core chains, some "complete" with N-acetylglucosamine side branches for conferring ability to adsorb phage FO, others less complete than those of E. coli X971 (perhaps because of poor complementarity of rfa genes of S. typhimurium and E. coli origin) responsible for adsorption of phage C21. Phage U3 attacks "wild-type" K-12 strains, but not galE or galU mutants which make galactose-deficient or glucose-deficient LPS core (40) . This suggest that phage U3 uses the complete core (of the E. coli K-12 type) as its receptor site and if so it might be expected that recombinants making altered core, as evidence by FO and C21 sensitivity would be resistant to U3.
The inability of E. coli X971 his+ hybrids from the crosses HfrK9 and F'(FS400) to X971 to express Salmonella factor 4 serological specificity suggests that E. coli X971 has an LPS core structure unable to accept factor 4-specific repeat units. The ability of the ilv+ hybrids e7 and K8 to express Salmonella factor 4 serological specificity upon receiving the hislinked rfb genes might suggest that they have an LPS core structure sufficiently Salmonellalike to permit attachment of factor 4-specific determinants. The altered response of the ilv+ hybrid e7 to the LPS-specific phages FO, C21, and U3 might be taken as evidence for changes in LPS core structure, but to what degree the hybrid LPS core resembles the parental Salmonella core is unknown. But as the ilv+ hybrid k8 was not altered in its response to phages FO, C21, and U3, it may have a core structure more like the parental E. coli K-12 stain than Salmonella-like. In fact a Salmonella-like core structure may not be necessary for the expression of factor 4 specificity, i.e., the E. coli K-12 core or a slightly modified version of it may have the capacity to accept the factor 4-specific repeat units if only the Salmonella rfaL or rfbT (or both) 0-translocase genes are retained in the hybrids. It is known that Salmonella strains mutant in either of these 0-translocase genes are not deficient in synthesis of either LPS core or 0 polymer but apparently cannot transfer newly synthesized 0 side chains to their attachment site on the complete core and therefore do not express 0 antigenic specificity (35) . The inability of some his+,ilv+ hybrids derived from both ilv+ hybrids e7 and k8 to express factor 4 specificity may have resulted from delayed segregation of either or both of the Salmonella 0-translocase genes. Identification of the Salmonella rfa genes retained by the hybrids will be required to elucidate this point. Regardless of the actual structure of the hybrid core, it is apparent from the results that S. typhimurium rfb genes can function in either ilv+ hybrid e7 or k8, both of which derive nearly all their characters from E. coli K-12.
Our most significant finding with regard to the LPS analysis (see Table 4 ) was the detection of the factor 4 immunodominant sugar abequose in LPS extracted from the his+,ilv+ hybrids which expressed Salmonella factor 4 serological specificity. From these results it can be concluded that most of the Salmonella genes and enzymes for the biosynthesis and assembly of factor 4-specific repeat units can function in E. coli K-12, and we take this as evidence for a rather close evolutionary relationship between these genera with regard to LPS biosynthesis.
Since all his+,ilv+, factor 4-positive hybrids tested were insensitive to the smooth-specific phage P22 which apparently requires polymerized 0-specific repeat units for attachment, and further, since we were unsuccessful in our attempts to transfer the trp-linked Salmonella rfc gene to these hybrids, we have no reason to believe that they have the capacity to polymerize the Salmonella 0-specific repeat units. Thus we assume that the his+,ilv+ hybrids attach only a single 0-specific repeat unit per core and resemble Salmonella rfc mutants in this respect. The data in Table 4 suggest however that hybrid ilv+ e7,his+ F26 has two re-
